Regulation of extracellular K + concentration is indispensable for brain function
Neural depolarization is terminated by the activity of K (Fig. 1 ). The pioneering work of Kuffler's group demonstrated that glial cells possess high permeability to K + ions, which enables these ions to intrude into and extrude from the cells. Moreover, they found that nerve impulses cause a slow depolarization of glial cells. Glial depolarization was observed from 50 -150 ms after stimulation, followed by a decline that continued for seconds, while the nerve action currents lasted only 30 ms. They interpreted this to mean that glial cells aspirated excess K + ions, which were liberated from neurons into the intercellular space, and were depolarized by the K + ions (4 
Pharmacological experiments
To resolve the mechanism of K + uptake by glial cells, various inhibitors were used in cultured astrocytes and brain slices. (18) . Satellite glial cells wrap the somata of ganglion neurons with multiple layers of myelin sheaths, the structure of which is similar to that of myelin sheaths of Schwann cells. Developmental expression of Kir4.1 parallels the maturation of retinal and auditory activities. Kir4.1 is not detected at 1 to 5 days after birth. Weak immunoreactivity is found at 8 days, and it then increases during the following days, reaching the adult level at 14 days after birth (16, 18, 19) .
Although Kir4.1 is also expressed in some astrocytes of deep cerebellar nuclei and the hippocampus, Bergmann glia and oligodendrocytes of the cerebellum (20, 21) , its expression is not detected in most astrocytes and oligodendrocytes or in satellite cells of the dorsal root and Auerbach's ganglia (18, 21) . In these cells, other types of Kir channels might be expressed in place of Kir4.1.
Kir2.1 and Kir2.3
Schwann cells wrap themselves around axons to provide electrical insulation in the form of a myelin sheath in peripheral nerve fibers. In Schwann cells, K + channels are not distributed homogeneously, but concentrated in the node of Ranvier (22) . Kir2.1 and Kir2.3 were demonstrated to be localized at the microvilli of the nodes of Ranvier by using a specific antibody that recognizes both channels (23) . The large surface area of microvilli in the nodal space suggests involvement with K + buffering. Because Kir2.1 and Kir2.3 have strong inward rectification, these Kir channels may participate in the intrusion of K + ions liberated from nerve axons.
Kv1.5
Voltage-dependent K + channels are responsible for generation of action potentials and for the control of neurotransmitter release in neurons and muscles. More than two dozen related genes have been cloned, all of these members are activated in response to depolarization of a cell membrane. Glial cells have been considered to be electrically inexcitable cells. However, various types of glial cells express several voltage-dependent K + channels. At present, roles of these K + channels except Kv1.5 are unknown. Kv1.5, a member of Shaker subfamily, is expressed in Schwann cells. Kv1.5 is localized on the outer surface of Schwann cells in the vicinity of nodes of Ranvier (24) . Kv1.5 channels are located at some distance from the microvilli of the nodes. Kv1.5 requires depolarization to be opened, and at depolarized potentials, K + efflux would be favored. These results indicate that Schwann cells may aspirate K + ions through Kir2.1 and Kir2.3 and release the ions from Kv1.5.
Mechanisms for the localization of channels
Kir4.1 has a polarized distribution on the membranes of Müller cells (13, 14) . Immunoreactivity of Kir4.1 in isolated Müller cells is distributed in a clustered manner (13, 25) . This clustered distribution may be important for Kir4.1 to be localized at the proper sites for intrusion and extrusion of K + ions for the spacial buffering action. Then how do glial cells cluster Kir4.1 and localize the clusters of Kir4.1 in appropriate positions on their cell membranes? The primary amino acid sequence of Kir4.1 indicates that the carboxy-terminal region of this channel subunit ends with the sequence Ser-Asn-Val (20) . Recently a protein family containing PDZ (PSD-95 /dlg/ZO1) domains was shown to bind and cluster channels that have a sequence of Ser/ Thr-X-Val /Leu/Ile (X is any amino acid residue) in their C-terminal ends (26) . Furthermore, in Drosophila, synaptic clustering of Shaker voltage-dependent K + channels is abolished by mutations of dlg, a member of the PDZ protein family (27) . Thus, the PDZ protein family might control cluster formation of Kir4.1. Actually, proteins containing PDZ domains could bind and cluster Kir4.1 (25) . Because SAP97 is expressed in Müller cells and is distributed on the cell membranes in a clustered manner similar to Kir4.1, SAP97 is presumed to have a role in the distribution of Kir4.1. In addition to clustering, cotransfection of SAP97 causes a prominent increase of the Kir4.1 current magnitude, indicating that a protein containing PDZ domains might regulate the activity of the channel (25) .
In Schwann cells, expression of Kir2.1, Kir2.3 and Kv1.5 has been detected near the node of Ranvier. The C-terminal ends of these K + channels possess a motif that can interact with PDZ proteins. However, at present, there is no information that a PDZ protein actually regulates the localization of these K + channels in Schwann cells. The aquaporin-4 (AQP4) water channel is expressed in a polarized manner and colocalizes with Kir4.1 in retinal Müller cells (see below). AQP4 also has a C-terminal consensus sequence for the binding of PDZ domains; however, a PDZ protein that can interact with AQP4 has not been reported. The C-terminal ends of these glial channels are slightly different. Because each PDZ protein binds specific channels and receptors, different PDZ proteins may regulate specific localization of these channels in glial cells.
Immunoreactivity of Kir4.1 is often found on the membranes in contact with the basement membranes. Does a component of basement membranes affect the localization of Kir4.1? Laminin is necessary for the cell-surface expression of Kir4.1 in Müller cells (13). Expression of Kir4.1 is not detected in the primary culture of Müller cells. Addition of insulin induces the expression of Kir4.1, but the channel is found in the cytosol. When Müller cells are cultured on laminin dishes in the presence of insulin, Kir4.1 is detected on the membranes. Thus, laminin has a pivotal role for the surface expression of Kir4.1 (Fig. 2) . Polarized distribution of Kir4.1 in the Müller cells disappears when the cells are isolated. Immunohistochemical and patch clamp studies have shown diffuse distribution of Kir4.1 on the membranes of isolated Müller cells (15, 25) . The diffusion of Kir4.1 may be due to the loss of the laminin signal, but the molecular mechanism of Kir4.1 translocation induced by laminin is still unknown.
Volume regulation
Extracellular volume changes dynamically during neuronal activity. Astrocyte cell volume transiently increases by exposure to high [K + ]o solution (28) . The K + spatial buffering mechanism originally proposed by Orkand et al. (4) depends on the glial membrane selectively permeable to K + . Lack of anion permeability seems to normally occur in astrocytes, but colocarization of Cl -channels enables KCl uptake, which will then lead to water transport. The tight coupling among high neuronal activity, K + buffering and water flux has been extensively studied in the brain and retina (for example, see ref. 29). Since K + channels do not admit water, the water flux has to be mediated through a distinct channel. Glial cells express the water channel protein AQP4. AQP4 is expressed widely in the brain and retina, particularly at the brain-blood and brain-CSF interfaces. Immunoreactivities of AQP4 are distributed very similarly to those of Kir4.1 in retinal Müller glial cells. Double immunoelectron microscopic examination showed that AQP4 colocalized with Kir4.1 on the cell membranes adjacent to the vitreous body and blood vessels, suggesting that Kir4.1 and AQP4 cooperate in the siphoning of K + ions and water in the retina (Fig. 3) ]o can be achieved without volume change in these regions. Mice deficient in AQP4 (AQP4 -/-) had greatly reduced brain edema in response to acute water intoxication and ischemic stroke, suggesting that water is transported from blood vessels to astrocytes through the AQP4 water channel in these conditions (30) . The expression of AQP4 in astrocytes was found in glial processes around the capillaries. Similarly, patch-clamp experiments showed that Kir channels are predominantly expressed at fine processes of astrocytes (31) . If water is cotransported with K + ions, Kir channels may participate in the promotion of brain edema. It is not known whether Kir4.1 -/ -mice show a phenotype similar to AQP4-deficient mice.
Cl -ions have been considered to be cotransported with K + ions. Although several Cl -channels are expressed in glial cells, the Cl -channel that colocalizes with a K + channel and a water channel has not been identified in glial cells.
Conclusions and future perspectives
Recent studies on glial channels have gradually revealed the molecular transport mechanisms of K + ions and water. However, a number of questions still remain. Which kinds of K + channels are expressed in the majority of astrocytes and oligodendrocytes? Which kinds of Cl -channels colocalize with a K + channel and a water channel? What is the physiological role for co-transport of water with K + ions? Do glial K + channels have some pathological role in brain edema and ischemia? Is there some regulation of channel activity? What is the role of extracellular matrix? Molecular techniques should contribute further to clarification of these and yet unknown roles of glial functions and lead to the development of novel drugs.
